Chalcone synthase (CHS) is an essential enzyme in the phenylpropanoid pathway that catalyzes the first step in flavonoid biosynthesis in plants under diverse environmental stress. We have used CHS as a candidate gene in mulberry and developed Single Nucleotide Polymorphism (SNP) based co-dominant Cleaved Amplified Polymorphic Sequence (CAPS) marker associated with the CHS locus. The segregation pattern of the marker was studied in an F 1 population derived from a hybridization program between two mulberry genotypes showing polymorphism for the CHS locus. Differential CHS activity of the recombinants has been correlated with the segregation pattern of the marker. Homology modelling and docking studies are performed for both the identified CHS alleles and correlated with respective CHS activity. Phenotyping of Powdery Mildew infected F 1 population indicated a probable association with the CAPS marker.
Introduction
Mulberry (Morus spp., family Moraceae) foliage is the only forage for the silkworms (Bombyx mori L.). Hence it is the most important plant from sericulture point of view. Mulberry essentially is a fast-growing perennial tree, maintained as short or medium bushes by repeated pruning and conventional propagation is by vegetative means through stem cuttings [1] . In recent years the cultivation of mulberry is declining very fast due to preferences for growing of cereals and other high-value crops in the shrinking arable land. Additionally, several environmental stresses including diseases caused by fungi, bacteria and viruses are limiting its yield. Stressrelated yield loss of mulberry ranges from 50% to 60% [2] [3] . The solution to this problem lies in the development of superior mulberry genotypes having tolerance to biotic and abiotic stresses vis-à-vis higher yield. Like most of the tree crops, mulberry is extremely heterogeneous and out breeding in nature. The dioecious nature coupled with long juvenile period and high heterozygosity acts as the significant impediment to developing inbred lines in mulberry [4] . a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
The challenges in the mulberry breeding lie in the identification of suitable markers, be it morphological or molecular, and to link those with significant traits so that they are helpful for early screening of promising recombinants in Marker Assisted Selection (MAS) program [1] . Allele-specific candidate gene-based molecular markers possess distinct advantages over other markers in any breeding programme because they detect Single Nucleotide Polymorphisms (SNP). However, development of this type of marker necessarily requires prioritisation of candidate genes [5] .
In the present study, we are proposing chalcone synthase as an important candidate gene for the mulberry breeding programme. Chalcone synthase is a well-studied type III polyketide synthase and is one of the essential enzymes which channel the flux of phenylpropanoid pathway towards the biosynthesis of flavonoids [6] . The phenylpropanoid pathway in plants plays a crucial role in the production of many physiologically active secondary metabolites like flavonoids, lignin, isoflavonoids and anthocyanins [7] . Flavonoids, in particular, play a significant role in various biological processes like pollination, floral pigmentation and nitrogen fixation. Additionally, they are produced in response to stress, UV-radiation, pathogens and insects [8] [9] [10] [11] [12] [13] . CHS catalyzes the condensation of three molecules of malonyl-coA and one molecule of p-coumaroyl-CoA, yielding naringenin chalcone [14] , which is the precursor of all flavonoids. In a recent study, nine putative genes behind anthocyanin biosynthesis including CHS have been identified in mulberry [15] .
The present study aims to assess CHS as a probable candidate gene in mulberry and mining it for Single Nucleotide Polymorphisms (SNP) to develop suitable SNP-based molecular markers. We have validated the developed marker in an F 1 recombinant population derived from a hybridization programme conducted by Central Sericulture Research and Training Institute (CSR&TI) at Berhampore, India. The hybridization was done between a high yielding genotype (widely grown by the mulberry growers in several parts of India) and an open pollinated selection of a landrace (with disease resistance) to develop superior mulberry genotype. Homology modelling and stereo chemical analysis of mulberry CHS and molecular docking study of CHS alleles will help to foster future marker assisted breeding of mulberry with an aim to combat biotic or abiotic stress. The phenotyping of Powdery Mildew infected F 1 population was also done to evaluate the probable association of the CAPS marker with degree of disease severity.
Materials and methods

Plant materials
The primary study materials were three genotypes of mulberry, viz. V1 (MI-0008), Gen1 and Kajli-OP (OP-Open Pollinated) [16] . The genotype Gen1, awaiting registration as a new mulberry variety, is a clonal selection from the F 1 population of the hybridization between V1 (♂) and Kajli-OP (♀). Besides, fifty-five random recombinants were selected from the same F1 population (original sample size one hundred and eighty-four). Additionally, ten mulberry varieties (S30-MI-0046, Kajli-MI-0068, C763-MI-0124, C2038 -no accession number, C776-MI-0158, C2028-no accession number, S1635-MI-0173, Bombai Local-MI-0112, S1-ME-0065, CF 1 10-no accession number) were also used for validation of the CAPS marker. All the recombinants and genotypes used are maintained in the field of Central Sericulture Research and Training Institute (CSR&TI) at Berhampore, WB, India. sequence alignment with the CHS genes reported from other trees and dicotyledonous plants. The conserved sequences were identified for designing primers to amplify partial genomic sequence (MCHS_CAPS);partial coding sequence (MCHS1)and full-length coding sequence (MCHS2) of CHS from the three varieties (Table 1) .
RNA extraction and preparation of cDNA
Total RNA was extracted from the primary study materials-the two parents and the selected hybrid from the leaves (100 mg fresh wt) of the three mulberry genotypes using SpectrumTM Plant Total RNA kit (SIGMA). RNA was quantified spectrophotometrically using a Nanodrop Spectrophotometer (Thermo Scientific) and resolved on 0.8% (w/v) agarose gel to ascertain the RNA quality. First strand cDNA was synthesized using 1μg of total RNA using QuantiTect1 Reverse Transcription kit following the manufacturer's (QIAGEN) protocol; used as the template for subsequent PCR amplification reactions.
DNA extraction
Genomic DNA was isolated from newly emerging sprouts of each genotype using Qiaquick DNeasy plant mini kit (Qiagen) following the manufacturer's protocol. Subsequently, DNA was quantified using Nanodrop Spectrophotometer (Thermo Scientific) and resolved in 1.0% (w/v) agarose gel. DNA was isolated from pooled samples of five clonal plants of each genotype for the two parents (V1 and Kajli-OP) and the selected hybrid (Gen 1). Furthermore, DNA was isolated from each F 1 recombinant plant (fifty-five) with three biological replicas. Additionally, DNA was isolated from ten high yielding genotypes for the validation experiment.
PCR amplification and cloning of amplicons
For polymerase chain reaction the cDNA and genomic DNA were used as templates using respective pairs of primers ( Table 1 ). The reaction volume of PCR reactions was 25 μl. It contained 2.5 μl of 10X NH4 buffer, 1.25 μl of 50mM of MgCl 2 , 2.5 μl of 200 μM dNTP, 0.5 U of Taq polymerase (BIOLINE), 1.0 μl 100 μM primer, 2 μl of DNA template (final concentration 25 ng) and PCR grade water for making up the volume. The reactions have been performed using MJ Research Thermal Cycler. The PCR programming was: initial denaturation of 2 min at 94˚C followed by 29 cycles of 1 min denaturation at 94˚C, 1 min at annealing temperature (60˚C) and 1 min extension at 72˚C followed by 20 min final extension at 72˚C. The amplified products were resolved on 1.6% (w/v) agarose gels (1X TAE, 7 V/cm). The amplicons of the three genotypes were cloned using TOPO TA cloning Kit (Invitrogen) and the replica clones were sequenced at the DNA Sequencing Facility, South Campus, Delhi University (New Delhi) and CIF, Bose Institute, Kolkata, India. Multiple sequence alignment and development of CAPS marker
The sequences of the amplicons obtained from the three genotypes were used as queries for BLAST searches in NCBI and Morus Genome Database (http://morus.swu.edu.cn/morusdb/). The sequences obtained from the BLAST hits were subjected to multiple sequence alignments using Clustal Omega to ascertain the presence of SNP. SNP identified from partial genomic sequence was successfully converted to CAPS (Cleaved Amplified Polymorphic Sequence) marker using SNP2CAPS tool. The first input file was a FASTA formatted file that contained the multiple alignments of the particular nucleotide sequence from the three genotypes. The second input file contained the data of different restriction enzymes downloaded from restriction enzyme database REBASE (http://rebase.neb.com/). The CAPS marker and the sequence of the locus were submitted to NCBI database (GenBank: KM210515). We tested the developed marker in the F 1 recombinant population and the parents. For this, the partial genomic sequence of CHS locus was amplified using the specific primer pair (F: 5´-CTATGGCGCCG AATAACGTG, R: 5´-CCAGCGAAACAACCTTGGTG) and digested with EcoRI restriction enzyme after PCR product purification.
Amino acid sequence analysis
The full-length coding sequence of mulberry CHS gene was analysed and converted to amino acid sequence using Expasy translate tools (http://www.expasy.org/). The protein sequence of mulberry CHS obtained was used as query for BLASTP search to identify closely related CHS homologs.
Chalcone synthase assay
The activity of chalcone synthase was assayed spectrophotometrically [17] where the three replicate samples each of fifty-eight individuals were used for enzyme assay. The enzymes were extracted at 4˚C by homogenising frozen harvested leaves (0.4g) in 1 ml of 0.1M borate buffer (pH 8.8) containing 1mM 2-Mercaptoethanol with a homogenizer (Polytron). The homogenates were treated with 0.1g of Dowex l × 4 for 10 min. The cell debris and the resins were removed by centrifugation at 15,000 rpm for 10 min. Retreatment of the supernatant was done with 0.2g of Dowex l × 4 for 20min. The resin was removed by centrifugation at 15,000 rpm for 15 min. The resultant supernatant was used for chalcone synthase assay. The assay was performed with 100 μl of enzyme extract mixed with 1.89 ml of 50 mM Tris-HCL buffer, pH 7.6, containing 10mM KCN. The enzyme reaction was allowed to proceed for 1 min at 30˚C after adding 10mg of chalcone to 10 μl of ethylene glycol monomethyl ether. Chalcone (4, 2', 4', 6'-tetrahydroxy chalcone) was prepared from naringenin [18] . Pure Naringenin was procured from Sigma-Aldrich (Germany). The enzyme activity was determined by measuring absorbance at 370 nm and expressed in katals.
Homology modelling and structural analysis
The protein model of mulberry CHS was generated using the SWISS-MODEL [19] package provided by the Swiss-PDB viewer program based on the crystal structure of CHS (PDB ID: 4WUM) as the template. The model quality was assessed using PROCHECK [20] . The stereochemical stability of the model was checked, and Ramachandran plot for the model was obtained.
Molecular docking
The homology model created for mulberry CHS was uploaded onto SWISS-Dock. The mol2 file of malonyl-CoA was uploaded onto the SWISS-Dock in the ligand selection tab. The mol2 file for malonyl-CoA was generated using UCSF Chimera. The.sdf file for malonyl-CoA was obtained from PDB (PDB code: MLC). This.sdf file was then opened with UCSF Chimera, and the hydrogen atoms were added using Tools/Structure editing/ AddH menu and the file was saved in the mol2 format [21] . All protein structures are prepared with PYMMOL (DeLano Scientific, http://www.pymol.org).
Statistical analysis
Student's t-test was performed to analyze the level of significance between the mean enzyme activities of homozygous and heterozygous plants for the CHS locus.
Phenotyping of Powdery Mildew infected F 1 mulberry population F 1 recombinant mulberry population including theparents were screened for infection with powdery mildew and assigned to different degree of disease severity.The individual plants of the population (one month after the cuttings were established in pot culture) were inoculated by gently rubbing detached powdery mildew infected leaves onto the leaves of the healthy plants. Plants were allowed to grow at a temperature range of 22±2˚C and 75-85% humidity. The plants developed powdery mildew symptoms on inoculated leaves after 10-15 days. The morphological characteristics of the pathogen and symptoms on the leaves of inoculated plants were similar to that of the naturally infected plants. The abaxial surfaces of leaves were infected with white mycelia mat (Fig 1) . Corresponding chlorotic spots were observed on the adaxial leaf surfaces. The degree of disease severity ranged from countable whitish spots to mycelial mat covering most of the abaxial surface (Table 2) .After isolating the sporulating mycelia,the fungal structures were microscopically examined.
Results
Identification and characterization of CHS gene
Target amplicons of partial and full-length coding sequence of CHS gene were obtained in the three varieties. The size of the amplicons was 254 bp and 1200 bp respectively (Fig 2A and 2B) . Similarly, desired amplicon of 921 bp was obtained from the partial genomic sequence ( Fig  2C) . The full-length sequence of CHS gene was converted to the amino acid sequence in three varieties. The sequences were also used for conserved domain search [22] [23] [24] [25] , and it showed that the CHS gene showed highly conserved amino acids in the active site as well as in the substrate binding site in the three varieties. However, the sequence of the recombinant variety (Gen1) showed two particular SNPs in the malonyl coA binding site leading to a significant amino acid change from glutamic acid to alanine in the 99th and 118th position (Fig 3) .
CAPS marker development
The partial genomic sequences of CHS locus revealed the presence of several SNPs in the nucleotide sequences of the three varieties. Furthermore, the presence of EcoRI recognition site (GAATTC) was noticed in the sequence of Gen1, the recombinant variety (Fig 4) .
Screening of the CAPS marker in the F 1 population
The restriction digestion profile of the twenty-eight out of fifty-five recombinants showed only one uncut DNA fragment of~1 kb while the other twenty-seven recombinants showed three restriction-digested DNA fragments one at~1 kb and other two at~500 bp. Thus the CAPS marker differentiated the population into two distinct groups (Fig 5) , the first and second being the homozygotes and heterozygotes, respectively, for the CHS locus. The marker also indicates that the male parent (V1) and the selected hybrid (Gen1) are heterozygous for the CHS locus while the female parent (Kajli-OP) is homozygous (Fig 5) .
Screening of the CAPS marker in differentmulberry varieties
The restriction digestion profile showed that the additional DNA fragments indicating heterozygosity were noticed in four varieties (CF 1 10, C 2038, Bombai Local and Kajli), while the rest were homozygous for CHS locus (Fig 6) .
Chalcone synthase enzyme (CHS) activity
The CHS enzyme activity of two parental genotypes, the selected recombinant and the fiftyfive recombinants was found to vary within a range from 33.6μkat-57.6μkat.The CHS activity results of the recombinants were further found to lie in two broad groups-with one group having enzyme activity in the range of 47.1μkat-57.6μkat with mean CHS activity of 52.46μkat, and the other group having CHS activity in the range 33.6μkat-43.8μkat and mean enzyme activity of 37.74μkat. The CHS activity showed a significant difference between the mean enzyme activities of homozygous and heterozygous plants for the CHS locus (Fig 7) . 
Homology modeling and stereo chemical analysis of mulberry CHS
Homology modelling of both the CHS alleles was carried out using CHS PDB ID: 4WUM as a template. The protein model was developed using SWISS-MODEL program. The stereo chemical analysis of the mulberry CHS protein model (Fig 8A) was performed using the PRO-CHECK server (http://services.mbi.ucla.edu/SAVES/). The Ramachandran plot analysis of the generated protein model showed that 95.6% of the amino acid residues lied in the most favourable region while 3.1% residues lied in the allowed region and the remaining 1.3% residues fall in the outlier region. The result of PROCHECK analysis showed that no residue has phi/psi angles in the disallowed region suggesting the acceptability of the Ramachandran plot for mulberry CHS protein (Fig 8B) . https://doi.org/10.1371/journal.pone.0179189.g007
Molecular docking study of CHS alleles
The docking study was done to validate the difference in the enzyme activity of the two CHS alleles. Two amino acid substitutions as mentioned earlier (Fig 3) in the malonyl coA binding pocket has occurred in one of the alleles. The docking experiment was performed using the protein model for both the alleles as the template and the malonyl coA as the ligand. The docking score for both the alleles was variable. The CHS putative wild-type allele which contained glutamic acid (Fig 9A) was found to have a docking score of -11.87. The mutant allele having the amino acid alanine (Ala) as the substitution in place of glutamic acid (Glu) in the malonyl coA binding pocket (Fig 9B) was found to have less affinity towards the ligand malonyl coA having the docking score of -10.35.
Phenotyping of Powdery Mildew infected F 1 mulberry population
The causal organism was identified from the infected leaves through microscopic observations (Fig 10A-10D ). Conidia were 47.2-66.7 × 14.2-22.1 μm, single-celled, hyaline and clubshaped occurring singly on unbranched, straight and cylindrical conidiophores. Only asexual stage was observed as the pathogen did not reach the end of the growing season.Based on the characteristics of asexual state and host specification, the fungus was identified as Phyllactinia sp. The degree of disease severity varied in the heterozygous and homozygous plants with respect to CHS locus (Fig 11A) . The maximum number of homozygous plants restricted the severity of the infection (mean disease score 2.5), while the disease severity was high in most of the heterozygous plants (mean disease score 4.0). The statistical distribution curve showed a distinct skewing of mean of disease severity between homozygous and heterozygous plants with respect to CHS locus (Fig 11B) .
Discussion
Prospect of chalcone synthase as a useful candidate gene is explored in recent times in few plant systems [26] [27] [28] . Mulberry being a non-model plant system has significantly less validated genetic information in the genomic databases. A very recent report of characterization and functional analysis of 4-Coumarate-CoA Ligase genes in mulberry [29] indicates that the genes of this pathway can be used as potent candidates for the development of molecular markers. In the present work, we have demonstrated the presence of two allelic form of CHS gene in an F 1 recombinant population of a mulberry hybridization program. The study resulted in the development of an SNP-based CAPS marker to discriminate and identify both the alleles of CHS gene.
In the present work, we have successfully isolated, cloned and analysed the partial genomic and coding sequence as well as the full-length sequence of both the alleles of CHS gene. The coding sequence of both the alleles revealed several distinct SNPs in the three genotypes (Fig  4) . The presence of an internal restriction endonuclease site of EcoR1 in the partial genomic sequence of one of the allele of CHS gene helped us to distinguish between the alleles using the developed SNP-based CAPS marker. In the study materials of the present work comprising of both male and female parent and fifty-five random F 1 recombinants, the heterozygous individual showed both the CHS alleles-one allele (chs) containing the internal EcoRI site, while the other allele lacks the internal restriction site. Hence, the CAPS profile of the heterozygous individuals showed the presence of three restriction digested fragments-two fragments at 500bp resulting from chs allele, and one undigested fragment at~1kb. The homozygous individuals, on the other hand, due to the presence of identical alleles (both without restriction sites) resulted in a prominent undigested 1Kb product (Fig 5) . The credibility of this SNP-based CAPS marker has also been demonstrated in the F 1 population, as the recombinants show a 1:1 segregation ratio between homozygous and heterozygous locus of CHS gene. The male parent (V1) is heterozygous for the CHS locus while the female parent (Kajli-OP) is homozygous. Of the ten mulberry varieties the CHS locus was in homozygous state in six genotypes (C776, S30, C763, S1635, S1, and C2028). This finding can be extrapolated with the long successful cultivation history of these genotypes as varieties in different parts of mulberry growing areas in India.
The segregation pattern of CAPS marker is further found to be co-relatable with the results of chalcone synthase enzyme assay, as the mean enzyme activity differed significantly between homozygous and heterozygous individuals in the population. Hence, it can be assumed that the lower chalcone synthase activity in the heterozygous individuals is due to the presence of the identified chs allele that makes it as an unwanted one. To validate these findings, we performed homology modelling and docking studies for both the CHS alleles. The objective was to determine whether the SNP in the coding sequence resulting in amino acid changes have any effect on the three-dimensional structure of the CHS protein or whether they affect the substrate binding affinity of the CHS enzyme, which can lead to decreased enzyme activity. The results obtained from the homology modelling analysis showed that the substitutions in the amino acid residues of chs allele (Fig 3) do not affect the overall folding and three dimensional structure of the functional protein. Apparently no such structural changes or distortions were found in the functional protein from both the alleles. However, the docking study results showed significant difference in the free energy change for the binding of both the functional CHS protein to malonyl coA which is one of its substrate. The chs protein showed less affinity for malonyl coA, this can be attributed to the fact that in the chs protein the Glu 99 and Glu 118 has been substituted with Ala in the malonyl coA binding site. This change from a negatively charged hydrophilic amino acid Glu to a hydrophobic uncharged amino acid Ala lead to the decreased affinity for the binding of malonyl-CoA.
The findings of the present study demonstrated the importance of the developed CAPS marker as it defines the chs allele and will be helpful to eliminate the individuals having this allele in the preliminary screening of any breeding programme of mulberry targeting towards the development of stress tolerant genotypes. The phenotyping of the F 1 population provided the circumstantial evidence for the probable association between the marker and the degree of Powdery Mildew disease progression in mulberry. Mulberry being an extremely out breeding and heterozygous tree crop lacks the presence of pure line plants which poses a major problem in selection of parents for mulberry breeding. This study further depicts the consequence of hybridization between parents of unknown genetic information. The genotype (Gen1) resulting from the present hybridization and selection is a proven high leaf yielding one, awaiting release as a variety. However, the presence of the unwanted chs allele, which it has inherited from its male parent (V1), may result in its susceptibility to diverse abiotic and biotic stress in future. Furthermore, the usefulness of wild and landraces as the repertoire of desirable alleles is substantiated by the presence of favourable CHS allele in the homozygous state in an open pollinated landrace (Kajli-OP) used as the female parent in the current breeding programme.
